Abstract-Battery life-time is an important performance metric for many wireless networks and there is a growing need to improve the life-time of these networks. However, system analysis is complicated by the fact that the transceiver electronics energy cost is non-negligible and often has a major impact on the battery life. This paper develops a simple metric to evaluate the energy cost of both communication protocols and circuit electronics. This metric treats the electronics energy as an overhead cost on top of the EbINO requirement. This enables the joint optimization of system and circuit parameters for energy limited wireless transceivers with arbitrary communication protocols.
I. INTRODUCTION
Over the past two decades the wireless communications market has experienced explosive growth, and wireless technology has become an integrated part of our lives providing services from telephony to data transfer to sensing and monitoring applications. While awe-inspiring progress has been made to make wireless a ubiquitous technology, challenging issues remain in capacity, reliability, battery life, and cost. A particularly important performance criteria for mobile devices is battery life. While some of these devices can be recharged within a few days or a few weeks, other devices, such as those used in industrial wireless sensing applications, require battery life of one year or better [1] . While long battery life is a plus for devices such as cell phones and wireless LAN cards, it is a must for large-scale sensor networks due to the difficulty of replacing or recharging batteries for hundreds of sensor nodes.
For these reasons, there is a growing interest in the study of network life-time of wireless sensor networks. This problem is usually tackled from the network layer down. At the network layer, better flow-control algorithms, such as task sharing [2] and multi-hopping [3] , have been proposed to increase the average network life-time. At the MAC layer, various multiaccess techniques have been evaluated in terms of energy cost [4] , [5] . At the physical layer, modulation techniques have been investigated in terms of energy efficiency [1], [6] .
Ultimately, it is the energy drawn from the battery that determines the battery life. This energy is equal to the integral of the transceiver power consumption over time. Therefore, both the instantaneous transceiver power consumption and the temporal behavior of the transceiver affect the battery life. For instance, in sensor applications the RF transceiver is often operated in burst mode with duty cycle of 1% or less, which means the transceiver is shut off most of the time. This transceiver would have a much longer battery life as compared to one that has lower power consumption but operates continuously.
Much of the difficulty in analyzing battery life comes from modelling the transceiver power consumption as a function of time. An inaccurate model would lead to an incorrect conclusion. For example, a popular model assumes that the transceiver power consumption is proportional to the RF transmit power, which in turn scales with the data rate (the RF transmit power needs to be increased to maintain the same transmission distance and BER at higher data rate). This model leads to the conclusion that to increase the battery life, the data rate should be reduced. Fig. 1 shows the transmitter power consumption as a function of data rate for a short-range RF transceiver employing binary FSK [7] . It is clear that the transmitter power consumption is not a function of the data rate until the data rate exceeds 100kbps. As explained in [7] , data rate does not scale with power consumption due to the fixed power consumption cost of the transmitter electronics. Since reducing the data rate increases the transmission time, or equivalently, the duty cycle, the battery life is actually reduced. 
Transmitter power consumption does not scale linearly with data
For short-range RF transceivers operating in the Giga-Hertz carrier frequency range, the circuit electronics dominate the power consumption. Therefore it is important to model the circuit power in battery life analysis. It is equally important to model the communication protocols and parameters such as modulation, data rate, and channel condition, as they determine the RF transmit power, the transceiver operation time, and the transceiver architecture, which in turn affect the circuit electronics power consumption. This interplay between the 3783 1-4244-0355-3/06/$20.00 (c) 2006 IEEE communication protocols and the transceiver electronics is complicated and has rarely been investigated. However, by working on the joint optimization, it is found that the battery life can be improved by nearly an order of magnitude [7] . This paper goes further and attempts to answer the more fundamental question: given choices of communication protocols and parameters, how do we compare the energy cost of the transceivers designed for these protocols? In this paper a simple figure of merit is developed to enable this comparison.
This paper is organized as follows. Section II introduces the concept of transceiver energy efficiency. Section III develops the transceiver energy figure of merit and analyzes the energy cost of a binary PSK transceiver and a binary non-coherent FSK transceiver. Section IV summarizes the results.
II. TRANSCEIVER ENERGY EFFICIENCY Fig. 2 shows a simplified block diagram of a generic RF transceiver. There are four major circuit building blocks within the transceiver. The transmit block (TX) is responsible for modulation and up-conversion (translating the basband signal to RF), the receive block (RX) is for down-conversion and demodulation, the local oscillator block (LO) generates the required carrier frequency, and the power amplifier block (PA) amplifies the signal to produce the required RF transmit power PT. where PLO is the power consumption of the local oscillator LO and PRX is the power consumption of the receive block RX. Similarly, the power consumption in the transmit path is
Where PTX is the power consumption of the transmit block TX and PPA is the power consumption of the power amplifier PA. The PA power consumption PPA depends on the PA efficiency, the link-budget, and the sensitivity requirement. Specifically,
where PT is the RF transmit power, '1PA is the PA efficiency, d is the transmit distance, n is the path loss exponent, GT and GR are the transmitter and receiver antenna gains, A is the wavelength, F is the receiver front-end noise factor, R is the data rate, No is the available thermal noise power spectrum density, and EbINO is the required SNR per bit for a given BER. Note that although Eb/NO is independent of data rate [8] , PPA depends on the data rate linearly. From above, it is clear that PPA captures the effect of the communication protocols and parameters such as Eb/No, data rate, and channel condition. The circuit blocks LO, TX, and RX are essential building blocks of a RF transceiver, but their power consumptions are often ignored in system analysis. In terms of energy cost, however, these blocks are non-negligible as their power consumptions are significant.
The power consumption of a RF transceiver can vary significantly depending on the application. Table I shows typical power consumption numbers for GSM [9] , 802.11b [10] , and Bluetooth transceivers [11] . PA efficiency can vary quite a bit depending on PA type, output power, technology, and design. A fixed realizable PA efficiency of 40% is assumed here for the ease of comparison. The transceiver energy efficiency T/p will be explained shortly. The GSM transceiver has a transmission range greater than 1 kilo-meter and has the most stringent system specifications. Its transceiver electronics power and RF transmit power are the highest. The 802.1 lb transceiver has an intermediate range on the order of 10's of meters. The Bluetooth transceiver has the shortest transmission range and the most relaxed system specifications. Its power consumption is the lowest.
The RF transmit power of the Bluetooth transceiver is three orders of magnitude lower than that of the GSM transceiver due to the reduction in transmission range. However, the reduction in transceiver electronics power is only an order of magnitude. What this means is that in long-range transceivers the power is dominated by the RF transmit power, but in shortrange transceivers the power is dominated by the electronics power.
The energy overhead due to the transceiver electronics is best characterized by the transceiver energy efficiency,which The problem is choosing between a binary PSK transceiver and a binary non-coherent FSK transceiver for a short-range energy-limited microsensor application. The required Eb/No is 15dB for the PSK and 21dB for the FSK [8] , [12] . Using (4), the required RF transmit power can be determined to be 0.25mW for the PSK transmitter and 1mW for the FSK transmitter, both at 1Mbps [7] . For a different data rate, the transmit power needs to be scaled linearly to keep the same transmission distance and BER. Fig. 4 shows the architecture of a generic I/Q transceiver that can be used to generate binary PSK constellation. In the transmitter, the I and Q components are generated within the modulator (Mod). They go through the digital-to-analog converter (DAC), are up-converted to the carrier frequency by the RF mixers, and are combined and sent out via the PA. Since a linear PA is required for PSK to adequately suppress out-of-band power, the PA efficiency is assumed to be 40%. In the receiver, the received signal is first amplified by the lownoise amplifier (LNA) and is down-converted by the mixers into I and Q components. The intermediate frequency (IF) signal is then digitized through the analog-to-digital converters (ADC) and demodulated.
Although FSK can be implemented using the same I/Q architecture, the power consumption can be reduced by using the architecture shown in Fig. 5 . In the transmitter, the output is produced by directly controlling the frequency synthesizer inside the LO, which generates one of the two required frequency tones [13] . Since FSK is a non-linear modulation (b) FSK receiver with frequency discriminator. technique, a non-linear PA with efficiency as high as 70% can be used. In the receiver, the received signal is first downconverted to an IF frequency, then the signal energy near the two frequencies at wo and w1 are compared. Table II shows the power consumption of the circuit building blocks. The PSK transceiver is more power hungry due to the extra mixers required. It is assumed that the power consumptions of TX, RX, and LO are constant (i.e., fixed cost), and that the power consumption of the PA varies as in (4) [7] . At low data rate, the RF transmit power is negligible, so the transceiver power consumption is dominated by the electronics. In this case the PSK transceiver is more power hungry. At high data rate, the PA power dominates, which is a function of both the RF transmit power and the PA efficiency. PSK requires lower RF transmit power (-6dB) but also has a lower PA efficiency (0.4/0.7=-2.4dB), so overall its PA power consumption is 3.6dB lower than that of the FSK transceiver. Fig. 7 shows the transceiver energy efficiency. 
